The adsorption and self-assembly of surfactants are ubiquitous processes in several technological applications, including the manufacture of nano-structured materials using bottom-up strategies.
Introduction
The widespread interest in the self-assembly of surfactants on solid surfaces is motivated by many industrial processes. [1] [2] [3] [4] [5] [6] [7] To describe surfactant self-assembly, the relationship between surfactant properties, surface characteristics, and adsorption thermodynamics must be understood. Many interesting experimental [8] [9] [10] [11] [12] [13] and computational [14] [15] [16] [17] [18] [19] [20] [21] [22] Surface heterogeneity can be caused by geometrical structures (e.g., surface roughness, shapes and sizes of surface features) and varying chemical composition (e.g., lattice defects, surface functional groups, and impurities). At the atomic scale geometrical heterogeneity must be associated with chemical heterogeneity, but chemical heterogeneity can in principle occur without geometrical heterogeneity (i.e., flat surfaces can be characterized by different chemical properties). Some experimental data suggest that surface heterogeneity can lead to rich surfactant behavior. For example, Foisner et al. found that self-assembled monolayers of octadecyltrichlorosilane (OTS) on modified silicon surfaces change to circular island structures when the surface is hydrophobized. 23 Schniepp et al. showed that the orientation of sodium dodecylsulfate (SDS) surfactants on Au(111) surfaces strongly depends on surface roughness. 24 , 25 Wu et al. reported that surface roughness affects the amount of cetyltrimethylammonium bromide (CTAB) surfactant adsorbed on gold, as well as the visco-elastic properties of the self-assembled aggregates. 26 4
From a theory and simulation point of view, a few authors addressed the adsorption of surfactants on heterogeneous surfaces. Using lattice Monte Carlo (MC) simulations, Reimer et al. 27 investigated the adsorption of surfactants on surfaces in which a hydrophobic (hydrophilic) domain was surrounded by a hydrophilic (hydrophobic) surface, as well as on checkerboard hydrophobichydrophilic surfaces. They found that the dimension of the surface patterns influences the adsorption behavior of surfactants. Zhang et al. 28 showed that the surfactant aggregates formed on heterogeneous (checkerboard and striped) surfaces are sufficiently dependent on the surface features that they could be used for surface-recognition purposes. Striolo 29 reported that surfactant adsorption can be problematic when the size of the adsorbing square patch on a surface is less than a surfactant-dependent threshold. Tummala et al. 30 conducted molecular dynamics (MD) simulations to investigate the morphology of SDS surfactants on graphene nano-sheets, suggesting that the size of the graphene supports has a strong effect on the surfactants morphology, because of lateral-confinement effects. In our prior work we investigated the adsorption of several aqueous surfactants on various carbon nanotubes, and we found that the nanotube diameter strongly influences the morphology of the aggregates, via a sort of lateral-confinement effect due to the cylindrical shape of the nanotubes. [31] [32] [33] [34] We are interested here on the adsorption of surfactants on flat, chemically heterogeneous surfaces.
Surfactant adsorption is allowed on stripes (considered hydrophobic) surrounded by a surface that is energetically repulsive enough to prohibit surfactant adsorption if a surface is uniform in that energy. As the width of the hydrophobic stripe decreases, the degree of lateral confinement increases. We report our simulation results for the morphology of the surfactant self-assembled aggregates. The simulations are conducted within the equilibrium dissipative particle dynamics (DPD) formalism. At the expense of representing the surfactants with atomistic precision, DPD allows us to investigate large systems for extended periods of time. For all simulations, a sufficient amount of surfactant is present to maintain concentrations above the critical micelle concentration 5 in the bulk supernatant, which allows us to compare surfactant aggregates obtained at comparable thermodynamic conditions.
The remainder of the paper is structured as follows. In Section 2 we provide details regarding the simulation models and methods we used. In Section 3 we discuss our main results, which show evidence of strong effects due to lateral confinement, and also some evidence of cooperative behavior when the adsorbing stripes are not too wide and are close to each other. Lastly, in Section 4 we summarize the main conclusions. Additional details regarding the model and system composition of all simulated systems are included as supporting information.
Simulation Models and Methods
Dissipative particle dynamics (DPD) simulations were carried out in the NVT ensemble using the package LAMMPS, as released on 14May12. 35 Full details for the DPD methodology are provided elsewhere. [36] [37] [38] Simulations are conducted for aqueous surfactants near a flat solid surface. Each simulated system is comprised by five interaction beads, representing water, surfactant headgroup, surfactant tailgroup, hydrophobic surface sites, and surfactant-repelling surface sites.
A schematic representation of the coarse-grained model implemented here to represent water and surfactant molecules is provided in Figure 1a . Because we arbitrarily chose the degree of coarse graining = 5 (i.e., one DPD water bead represents five water molecules), the volume of one water bead is ~ 150 . 39 We assigned the reduced density = 5 beads/ , defined as the number of beads in a cubic volume of radius . Accordingly, = 9.0856 . As customary, the volume of each bead (150 ) in the simulation is maintained constant. Consequently, because the volume of one sodium dodecyl sulfate (SDS) molecule is ~ 410 , 40 one surfactant can be approximated with 6 three DPD beads: one to represent the headgroup, and two to represent the tailgroups. The three beads are connected via harmonic bonds to yield a single chain. Because the van der Waals end-toend length of one SDS molecule ( ) is of 20.8 , 41 we assigned the equilibrium bond length = 10.4 . As suggested by Denham et al., 42 we set the spring constant = 100 , which yields a 1.2% standard deviation for the bond length around . Note that, because electrostatic interactions are not explicitly taken into consideration in our simulations, the model is not intended to reproduce all physical properties observed for ionic surfactants. In particular, in our approach we do not model counter-ions.
In each simulated system two solid surfaces are positioned at Z = 0 and at Z = 42 . For clarity, in the remainder of the manuscript we refer to the X and Y directions as those parallel to the surface, while the Z direction is the one perpendicular to the surface. The solid surface at Z = 42 is repulsive to all surfactants. The one located at Z = 0 is the one on which we investigate surfactant adsorption. A schematic representation of the solid surfaces is provided in Figure 1b In Figure 1c , we present the patterned surfaces, located at Z = 0 , on which surfactants can adsorb.
These heterogeneous surfaces are composed by repelling and hydrophobic (adsorbing) beads. The hydrophobic beads are organized in stripes. Surfactant-repelling surface beads surround these 7 hydrophobic stripes. To quantify lateral confinement and possible cooperative behavior in our simulations we systematically changed the stripe width, , and the shortest separation between parallel stripes, . Note that surfactant-repelling surfaces such as those simulated here are probably not realizable experimentally, especially when the surfactants are in water. Despite this shortcoming, the model allows us to systematically investigate the effect of lateral confinement.
The simulations are intended to reproduce ambient conditions. Because DPD is a coarse-grained method, all simulation runs were conducted at the reduced temperature = 1. The random and dissipative parameters were set to = 3 and = 4.5, respectively. 38 The time step = 0.03 was used to integrate the equations of motion. The simulation time scale is 5.2 , as estimated by fitting the self-diffusion coefficient of water from our simulations for bulk water at ambient conditions to experimental data. Each system is simulated for as long as ~ 1.248 . By quantifying variations in the amount of surfactants present in the bulk supernatant (as micelles) and adsorbed on the surface, we found that equilibrium was established after ~ 0.936 . Once in 1000 steps, the configurations were saved for analysis.
As the DPD method is based on soft interactions, the repulsion parameters that need to be chosen include intra-species and inter-species values. Following the protocol proposed by Groot and Warren, 38 is derived from the compressibility of water ( = 75 ). Because the simulation density is = 5 beads/ and = 1, = 15. The water-surfactant parameters are borrowed from Kuo et al. 43 However, note that the surfactant simulated here is composed by one head and two tail beads, while Kuo et al. represented sodium tetradecyl sulfate with only one head and one tail bead.
The choice of interaction parameters between water and surfactant molecules was validated by performing a series of bulk simulations to estimate critical micelle concentration (CMC) and micelle size. The formation of the first micelle was observed at 7.77 mM. Within a range of 8 surfactant concentrations (up to ~ 332 mM), our results for the micelle radius (~ 20.18 ) were in general consistent with those reported in literature for SDS surfactants, both from experiments [44] [45] [46] and from simulations. [47] [48] [49] Observing the formation of micelles satisfied us, and we did not estimate the CMC from the free surfactant concentration, as proposed by Le Bard et al. 50 We were however surprised by observing only few free surfactants in equilibrium with micelles. Sanders et al.
reported similar observations, 51 from atomistic molecular dynamics simulations, in systems of strongly associating surfactants. As the surfactant concentration was increased to 443 mM (~ 57
times the CMC) we observed the formation of cylindrical micelles.
The interactions between the surface beads and the surfactant tail beads were set to replicate tail-tail interactions when the surface bead is hydrophobic and water-tail interactions when the surface bead is repulsive. The interactions between the surface beads and the surfactant head beads were set to replicate tail-head interactions when the surface is hydrophobic and head-head interactions when the surface is repulsive. Implementing these parameters we observed the formation of a surfactant monolayer when a homogeneous hydrophobic surface was exposed to the aqueous surfactants.
When the surfactant system was simulated on a homogeneous repelling surface, no surfactant adsorption was observed. We reiterate that this situation (a surface completely repelling surfactants)
would be difficult to realize experimentally. In the latter case, all surfactants formed micelles in the bulk when the surfactant concentration is sufficiently high. Further details on the adsorption of surfactants on homogeneous surfaces are discussed in the next section. All interaction parameters implemented in this work are reported in Table 1 .
The simulations were initiated with a surfactant concentration of 44.24 mM (370 surfactant molecules). During the course of the simulations, as some surfactants adsorbed on the surfaces, additional surfactants were added to the systems in order to maintain constant concentration in the bulk. Such conditions are representative experimentally of systems where the amount of surfactant adsorbed is small compared to the total amount of surfactant present in the system, such as in ellipsometry 52, 53 or quartz crystal microbalance 13, 26, 54, 55 experiments. The bulk concentration was maintained at ~ 20 -23 mM (≈ 3 CMC). Some simulations were repeated at higher bulk concentration and yielded results similar to those presented below. Not surprisingly, simulation results below the CMC were however different, as the amount of surfactants adsorbed depends on the bulk surfactant concentration. The simulation results discussed within the manuscript are obtained from 68 individual simulations. The details for each of these simulations are provided in Table S1 of the Supporting Information.
Results and Discussion

Adsorption on homogeneous surfaces
We simulated surfactant adsorption and self-assembly on the two homogeneous solid surfaces, one while the surfactant head groups are exposed to water. The excess surfactants form a spherical micelle in the bulk, where the surfactant concentration is at 7.77 mM (≈ 1 CMC). The monolayer obtained in our simulations is expected, based on prior lattice Monte Carlo simulations for surfactants similar to those employed here. 56 Because electrostatic interactions are not explicitly taken into consideration in our simulations, our results relate to experimental observations for nonionic surfactants on hydrophobic surfaces. 57, 58 In Figure 2b we report a representative equilibrium simulation snapshot for the self-assembled surfactants when the surface is effectively repulsive. At the initial bulk concentration of 110.73 mM employed, a number of spherical micelles are observed, but no surfactant is found to adsorb on the surface, as desired. However, no or at most only a few free surfactants are found, which is not representative of actual behavior, as briefly mentioned in the methods section.
Adsorption on heterogeneous surfaces
A) Lateral confinement: Effect of stripe width
To quantify the effect of lateral confinement on the properties of surfactant self-assembled aggregates we simulate surfactant adsorption on one individual hydrophobic stripe of variable width surrounded by repelling surface beads. By changing the stripe width we can manipulate the degree of lateral confinement, with narrow stripes yielding a more pronounced confinement that wide ones.
The stripe width is indicated by , expressed in units of the length of one surfactant molecule, . It is worth repeating that to maintain the thermodynamic conditions comparable throughout this study the surfactant concentration in the bulk, after adsorption has reached equilibrium, has been kept at ~ 20 -23 mM (≈ 3 CMC). Representative simulation snapshots for surfactant aggregates adsorbed on one hydrophobic stripe of varying width are shown in Figure 3 . From top to bottom the stripe width increases from = 0.15 , to = 1.68 . In the left and right panels we provide a view perpendicular to the axis of the surface plane and a side view, respectively. For clarity, water beads are not shown, nor are the surfactants present in the bulk, not adsorbed on the surface. These results
should be compared with the simulation snapshot shown in Figure 2a , where the morphology is a flat monolayer with no lateral confinement.
On the hydrophobic stripe of width = 0.15 ( Figure 3a) we sometimes observe the adsorption of one individual surfactant. When this surfactant is adsorbed, its tail beads are in contact with the hydrophobic stripe, while the head group protrudes towards water. Note that no bond angle is used in our model, hence the head bead is free to adopt various angles with respect to the surfactant tail.
Besides this computational detail, and more important for the scope of the present manuscript is the observation that the single surfactant adsorbed on the narrow hydrophobic stripe frequently desorbs from it. Even increasing the surfactant concentration in the box to 110.73 mM does not yield a permanently adsorbed surfactant aggregate for this system. Although the adsorption of one surfactant is possible, the formation of an aggregate containing more than one surfactant is not allowed with such a narrow stripe. This behavior is likely a consequence of the fact that advantageous tail-tail interactions between different surfactants cannot be established because the surrounding repelling surface prevents additional surfactants from adsorbing, and the surfactants adsorbed on the narrow hydrophobic stripe cannot adopt a conformation conducive to favorable tail-tail interactions.
The results obtained on the hydrophobic stripes of widths = 0.31 , and = 0.46 are shown in Figure 3b , and 3c. The main difference compared to the data shown in Figure 3a is the morphology of the self-assembled aggregate. On the narrowest stripe considered above one individual surfactant was found to adsorb, while on the stripes of width = 0.31 and = 0.46 the surfactants selfassemble yielding a hemi-sphere. As customary for such aggregates, the tail groups are found on the interior of the aggregate so they can be shielded from both water and the repelling surfaces. The surfactant headgroups are exposed to water, with some being positioned at the boundary between hydrophobic and repulsive surface beads. The self-assembled aggregates are found to easily migrate along the stripe. As the simulation progresses, similarly to the results discussed regarding the stripe of width = 0.15 , our results show that the surfactant aggregate can easily desorb from the stripe of width = 0.31 . On the stripe of width = 0.46 , however, once the aggregate forms on the surface, it does not desorb within the length of our simulations. The main driving force for surfactant adsorption is likely the attraction between surfactant tail groups and the hydrophobic stripe. The fact that the aggregates do not remain adsorbed for long times suggests that lateral confinement effectively reduces the effective attraction between the surfactants and the hydrophobic surface. The effective attraction is reduced compared to the homogeneous surface of Figure 2a because lateral confinement is so tight that it limits, to some extent, the cooperative tailtail interactions. These interactions are still present, as demonstrated by the formation of the adsorbed micelles, but they cannot be as extensive as they are on a flat homogeneous hydrophobic surface. Our observations seem to be in qualitative agreement with some experimental observations by Huang et al., 59 who found that the adsorption of proteins on gold nanoparticles can be influenced by the scale of surface heterogeneity on the nanoparticles.
As the stripe width increases and becomes wider than half of the surfactant length, our simulation results reveal that the self-assembled aggregates change morphology from being roughly hemispherical to becoming hemi-cylindrical. These structures are shown in Figures 3d, 3e , and 3f, for stripe widths = 0.61 , 1.07 , and 1.68 , respectively. Other than the different shape of the aggregates, one important difference between the aggregates observed on these stripes and those obtained on the stripes of width = 0.31 or less is that once these aggregates are formed we do not observe desorption of the entire aggregate during the length of our simulations. Our results are consistent with prior simulations by others, who reported stable surfactant adsorption when the size of either checkerboard or striped surfaces is commensurate with the self-assembled surfactant aggregates. 28 As expected for surfactant aggregates with the hemi-cylindrical morphology self-assembled on hydrophobic surfaces, analysis of our simulation results confirms that the surfactant tail groups are adsorbed on the hydrophobic stripe, and are for the most part buried within the interiors of the hemi-cylindrical aggregate. The surfactant head groups provide a shield that separates the 13 hydrophobic core of the hemi-cylindrical aggregates from the surrounding water. The average orientation of the surfactant molecules within these aggregates is perpendicular to the long axis of the hydrophobic stripes, as this orientation permits the surfactants to minimize hydrophobic surface -water and tail -water contacts, as well as to maximize the tail -tail interactions. Visual inspection of the simulation snapshots, in particular of the left panels of Figure 3 and shown closeup below in Figure 4 , reveals that the surfactant head groups are in some cases just above the repelling surface beads. This result was not expected, as the interactions between surfactant headgroups and the repelling surface beads are somewhat repulsive (see Table 1 ). The energetic advantage of allowing numerous tail-tail and tail-hydrophobic surface interactions is compensating for the energy penalty related to having a few headgroups in proximity of the repelling surface beads.
Comparing the snapshots in Figure 4 (as well as those shown in Figure 3d . On a much wider stripe, i.e., on a homogenous hydrophobic surface, the surfactants considered here yield a monolayer, as shown in Figure 2a . Combining all these sets of visual observations, our results suggest that lateral confinement effectively compresses the monolayer laterally, eventually making it bulge away from the surface. As the lateral confinement becomes of the order of the surfactants molecular length, the monolayer becomes a hemi-cylinder.
When the lateral confinement is even more pronounced, the hemi-cylinder is no longer stable, and therefore desorbs, allowing some surfactants to adsorb as hemi-spheres, and eventually preventing aggregates from forming on the surface.
We also calculated in-plane density profiles of surfactant tail groups, and surfactant head groups within planes parallel (top panels) and perpendicular (bottom panels) to the surface, as presented in Figures 5, and 6 , respectively. From left to right we show the results at increasing stripe width. We only consider stripes of width = 0.61 or wider, as in the narrower stripes the aggregates are mobile and the density profiles would provide a misleading characterization.
The main observation from visual inspection of the results, shown in Figure 5 , is that the surfactant tail groups are concentrated near the center of the stripes. On the stripe of width = 0.61 the surfactant tail groups are effectively curved out at the position of the stripe edges. When the stripe width increases, the surfactant tail groups are less present at the boundary between hydrophobic stripe and repelling surface. In Figure 6 the results confirm the analysis of the snapshots of Figure 4 , in that the curvature of the hemi-cylindrical surfactant aggregates clearly decreases as the stripe width increases. The surfactant head groups evidently accumulate above the repelling surface beads on the three stripes, especially in the case of the stripe of width = 0.61 , most likely because assuming such conformation the surfactants benefit from advantageous tailgroup-hydrophobic surface interactions. On the stripe of width = 1.68 , the surfactant head groups spread, and near the center of the stripe yield a structure comparable to that of a monolayer. These effects are a manifestation of the lateral confinement, as discussed above. The results in Figure 5 and 6 are in qualitative analogy with the observation reported by Tummala et al., 30 who conducted atomistic molecular dynamics simulations and reported that the size of a graphene sheet can strongly affect the morphology of a self-assembled SDS aggregate, presumably because of lateral confinement effects.
B) Cooperative effects: Adsorption on neighboring stripes
Cooperative effects have been investigated by simulating the self-assembly of surfactants on two stripes, of variable width, at different separations from each other. The shortest separation between the two stripes is indicated by the symbol , expressed in units of the length of one surfactant molecule, . In Figure 7 we provide representative simulation snapshots of surfactant aggregates adsorbed on two stripes separated by = 0.15 (top panels) and 0.46 (bottom panels). In all cases considered in this figure the hydrophobic stripes are of width = 0.46 . In the left and right panels we provide a view perpendicular to the axis of the surface plane, a side view, and a close-up snapshot for the surfactant aggregates, respectively. It should be noted that on an individual stripe of width = 0.46 the surfactants adsorb yielding hemi-spheres (see Figure 3c ). When the two narrow stripes are separated but close to each other (all cases in Figure 7 ) our simulations reveal the formation of a roughly hemi-cylindrical shell. The surfactant tail groups are adsorbed on the hydrophobic stripe, and are assembled into a monolayer that is curved in the middle so that the hydrophobic tails do not contact the repulsive surface. Within this shell the surfactant head groups are exposed to water towards the outside of the hemi-cylinder, while some of the tail groups, in the center of the shell, are exposed to the surfactant-repelling surface in between the two hydrophobic stripes. The two parallel hydrophobic stripes essentially provide a support for this monolayer. Our results show no evidence of water inside the hemi-cylinders. The self-assembled shells have the features just summarized for two reasons: (1) the surfactants are repelled by the surface separating the two hydrophobic stripes, and, perhaps more importantly, (2) bending of the monolayer allows for the formation of numerous tail-tail contacts at the expense of an elastic deformation of the monolayer (which we did not quantify). By changing the molecular properties of the surfactants, the curvature of the hemi-cylindrical shell might be controlled, which could lead to advancements in manufacturing processes and surface modification techniques. Because our results show that the self-assembled surfactant monolayer effectively covers the repelling region that separates the two hydrophobic surfaces, our simulations appear to be consistent with the MC simulation results of Reimer et al., 19 who studied surfactant adsorption on checkerboard surfaces. Surfactant adsorption was enhanced when the attractive patches were sufficiently close on an otherwise repelling surface.
To further quantify the results just summarized, in Figure 8 we present planar density distributions obtained for surfactant tail groups (top panels) and head groups (bottom panels) as observed along planes perpendicular to the surface. From left to right we provide the results obtained for the separation distance = 0.15 and 0.46 , respectively. Confirming the visual inspection of the simulation snapshots of Figure 7 , the density profiles show that the surfactant tail groups form a dense layer between the two neighboring hydrophobic stripes, and the head groups are exposed only to the outside of the hemi-cylinder. Next we attempt to quantify the effect of increasing on the results just discussed.
Representative simulation snapshots of the surfactant aggregates obtained at increasing are shown in Figure 9 . For these simulations = 0.46 . As discussed in Figure 7 , when the two hydrophobic stripes are parallel and close to each other we obtained hemi-cylindrical shells. At intermediate separations we observe that the hemi-cylindrical aggregate is spoiled. At = 0.76 our results suggest that the hemi-cylindrical shell is partially formed, but it does not extend to the entire length of the simulation box. In addition, elongated hemi-spheres form on each of the two hydrophobic stripes. As further increases to = 1.07 the hemi-cylindrical shell can no longer form (most likely because of entopic effects that prevent the formation of an extended partially unsupported monolayer suspended between the two narrow hydrophobic stripes). In addition, the aggregates that form on each hydrophobic stripe appear to be more elongated and irregular than the hemi-spheres discussed in Figure 3c . Visual analysis of sequences of simulation snapshots suggests that the aggregates formed at these conditions are very flexible and more freely along the hydrophobic stripes. This property of the self-assembled aggregates suggest the possibility that aggregates such as those shown in Figure 9 might be responsible for the high energy dissipation reported for quartz crystal microbalance experimental measurements by Wu et al. 26 when surfactants adsorbed on molecularly rough surfaces at conditions near the surfactants CMC. No evidence of cooperative effect was observed in our simulations when was increased to 1.38 or above; the surfactant aggregates self-assembled on each hydrophobic stripe yield the hemi-spheres shown in Figure 3c .
Next we consider cooperative effects on hydrophobic stripes wider than those considered for the simulations of Figures 7, 8 , and 9. In Figure 10 we present representative simulation snapshots of surfactant aggregates adsorbed on two stripes of width = 1.07 (top panels) and = 1.68
(bottom panels) at the separation = 0.15 . Although the two hydrophobic stripes are close to each other for each of the systems considered in this figure, our results show that the surfactants yield hemi-cylinders analogous to those obtained on the individual hydrophobic stripes of width comparable to those considered here (compare the snapshots in Figure 10 to those shown in Figure   3 , bottom panels). Because the stripes considered in these simulations are wide with respect to the molecular length of one surfactant, the surfactant molecules do not find it advantageous to alter the stable structures discussed in Figures 3, 4 , 5, and 6, even though two hydrophobic stripes are close to each other. Hemi-cylinders allow the surfactant molecules to maximize the favorable energetic interactions between the hydrophobic stripe and the tail groups, as well as those between those the various surfactant beads within the aggregates. As a consequence, our simulations do not show cooperative effects when the stripes are large enough for the formation of energetically stable aggregates.
Conclusions
The adsorption of surfactants on flat heterogeneous surfaces was studied by performing equilibrium dissipative particle dynamics (DPD) simulations. Surfactant molecules were modeled as having a hydrophobic tail composed by two beads and a hydrophilic head composed by one bead. The surface had one or two hydrophobic stripes on which the surfactants can adsorb with the remainder of the surface repelling the surfactants. To understand the effect of surface heterogeneity on surfactant adsorption, the stripe width and the separation distance between two parallel stripes were varied systematically in the different simulations presented. For all systems, a sufficient amount of surfactant was present to maintain a bulk concentration above the critical micelle concentration after adsorption was completed. The surfactants yield a flat monolayer on a homogeneous hydrophobic surface and did not adsorb on the homogeneous repelling surface. Flat monolayers, hemi-cylinders, hemi-spheres, and individual surfactants were obtained as the width of the hydrophobic stripe decreased. Our results showed cooperative effects when two adsorbing stripes were separated, yet close to each other, but only when the stripes were narrower than the length of one surfactant molecule. Hemi-cylindrical shells and irregular structures were observed, as evidence of cooperativity. No evidence for cooperative behavior was found when the stripes were close to each other, but wide with respect to the surfactant length, or when the narrow parallel stripes were farther than ~ 1.07 times the length of one surfactant molecule. 
